Introduction
[2] Dust distribution (e.g., emission, horizontal scale, concentration level, and vertical depth) over the Asian desert area is not fully observed. The consequent lack of data restricts detailed modeling of dust emissions and transport. Recent dust model comparisons [Uno et al., 2006] indicate that modeled dust emissions over the Gobi Desert region differ by a factor of 10 among the models. The WMO SYNOP observations might be the only routine observations providing the dust report, but the observation sites in the desert are few. Lidar is a powerful method for vertical dust observation [e.g., Sugimoto et al., 2006] , but it offers no routine site over the desert area. Satellite observation (e.g., aerosol optical thickness, AOT) is restricted over the land; passive satellite retrieval has a difficulty to provide sufficient information related to vertical dust profiles.
[3] The space-based two-wavelength, polarization-sensitive backscatter lidar, Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) launched in 28 April 2006 provides continuous global measurements of aerosol and cloud vertical distribution with very high spatial resolution [Winker et al., 2007] . In fact, CALIPSO provides a vertical transect of approximately 2000-2500 km horizontal interval at mid-latitude (1.5 h interval). However, it sometimes cannot take measurements within the planetary boundary layer because of the thick cloud layer above. Therefore, it is difficult to capture the daily variation and transport processes of Asian dust using CALIOP retrieval alone.
[4] Although most remote sensing methods are restricted to 1-D (vertical) or 2-D (cross-section) information related to aerosols, the dust emission/transport model is capable of simulating the detailed 3D structure of dust emission and transport processes over the wide range of the Asian and Pacific region. Therefore, it is important to combine CAL-IPSO measurement and a well-validated dust model to clarify the detailed 3D structure of Asian dust from the dust source region to regions far downwind, which has never been done.
[5] This paper presents results of a detailed 3D analysis of Asian dust outflow from the dust source region to the northwestern Pacific ocean retrieved by CALIOP and results simulated by a four-dimensional variational (4DVAR) data assimilation version of the dust transport model based on the NIES Lidar network.
Observation Data and Dust Emission/ Transport Model
[6] Level 1B CALIOP data (horizontal resolution of 333 m) provides profiles of the total attenuated backscatter coefficient at 532/1064 nm and the volume depolarization ratio (d) at 532 nm. The CALIOP Level 2 (horizontal resolution of 5 km) processing finds features (cloud, aerosol, surface, etc) in a lidar profile. Currently, released in the Level 2 products are layer averaged attenuated optical properties along with cloud-aerosol discrimination (CAD) results [Liu et al., 2004] . The CAD is an indicator that enables discrimination between cloud (positive value) and aerosol (negative value) data. The dust extinction coefficients can be derived using Fernald's inversion [Fernald, 1984] by setting the Lidar ratio S 1 = 30 sr, as described by Shimizu et al. [2004] . Inversion started from z = 14 km down to the ground surface. In this study, Level 1B data are averaged to Level 2's horizontal resolution (5 km); CAD is used for the screening of clouds. Detailed descriptions can be found on the CALIPSO mission webpage (http:// www-calipso.larc.nasa.gov/) and references therein.
[7] For the dust transport model, we used the RAMS/ CFORS-4DVAR dust transport model (RC4) [Yumimoto et al., 2007] . For this study, we applied RC4 by assimilating the dust extinction coefficient derived from NIES Lidar network. The RC4 domain is centered at 37.5°N, 115°E on a rotated polar stereographic system. The horizontal grids comprise 180 Â 100 grids with resolution of 40 km. The vertical grids comprise 40 grid points extending from the surface to 23 km with 40 stretching grid layers (140 m at the surface to 650 m at the top) in terrain-following coordinates. Meteorological boundary conditions to RAMS are taken from NCEP/NCAR reanalysis data with 2.5°Â 2.5°r esolution of 6-h intervals. The simulation was performed from 1 -15 May, 2007 with zero initial dust concentration.
[8] We selected eight Lidar sites (Beijing, Seoul, Nagasaki, Matsue, Toyama, Niigata, Tsukuba, and Sendai; see Figures 1 and 3 ) from the NIES Lidar network [Sugimoto et al., 2006] , which can measure vertical profiles of dust with high spatial and temporal resolution. The extinction coefficient is derived based on the backward Fernald's method [Fernald, 1984] by setting a boundary condition at 6 km and S 1 = 50 sr [Liu et al., 2002] . The contribution of mineral dust to the total extinction coefficient is determined using the particle depolarization ratio [Shimizu et al., 2004] . Details of the data assimilation of the RC4 dust model can be found in Yumimoto et al. [2007] and we do not repeat the description here.
[9] The CALIOP measurement is used for comparison in this paper. A smaller value of S 1 is used in the CALIOP extinction retrieval in order to get the overall semi-quantitative aerosol profile. As a result, the extinction coefficient retrieved from the CALIOP measurement may be smaller than that from the NIES Lidar network measurements by a factor of $0.6 (= 30/50) for optically thinner cases. Fixed S 1 might give over-decay within the cloud layer (S 1 is around 20) and then gives over-estimation of aerosol under that cloud. However, this is not critical, because we are mainly targeting at the semi-quantitative analysis of the dust transport (i.e., a comparison of dust vertical structure and horizontal scale) using the CALIOP measurement.
Results and Discussion
[10] A dust storm occurred on 5 May 2007 in the southern part of Mongolia. This event was transported to Inner Mongolia, China on May 6, and then outflowed over Korea, across the Sea of Japan, and into northwestern Pacific during 7 -8 May. Another large dust event generated over Mongolia and Inner Mongolia on 9 May and moved eastward on 10-11 May. The RC4 model has simulated these dust events with data assimilation of the selected NIES Lidar network measurements (see Figure 1) . The model simulation results have been compared with the CALIOP measurement. In the following subsections, we will present the RC4 simulation results along with the NIES Lidar and CALIOP measurements for comparison from 5 May to 11 May, 2007.
Daily Variation of Dust AOT and CALIPSO Paths
[11] Figure 1 shows the CALIPSO orbit paths, RC4 dust AOT at 0 UTC, and surface wind. The symbols of DS 1-6 and ED 1-3 respectively denote the location of the dust vertical profile and elevated dust layer analysis. The daytime path was around 04-05 UTC; the nighttime path was around 17 -18 UTC over the East Asia.
[12] Table 1 shows the dust layer depth, and layer averaged parameters (dust extinction coefficient, RH% and potential temperature) taken from CALIOP and RC4 dust model for the region of DS and ED.
[13] Large-scale dust outflow between 6 and 8 May was on the CALIPSO observation paths, as shown in Figures 1b-1d , which can be understood as a moderate dust event. The average wind speed on 9 May over southern Mongolia/Inner Mongolia was greater than 11.5 m/s (generating the large dust emission, see Figure 3a ), which was largest during the model simulation for early May, 2007 . However, the CALIPSO observation over the desert area on 10 May took place completely under cloud cover, so we do not plot it in Figure 1 . This dust extended to the south of the Central East China Plain, as marked by DS-6 on May 11. The RC4 model simulated AOT becomes greater than 1.2 on 5 and 9 May.
3D Structure of Asian Dust
[14] Figure 2a shows the nighttime vertical cross-section analysis, and Figure 2b shows averaged vertical profiles for paths including DS-1, 3, 5 and 6, respectively. The CALIOP data were screened with conditions of 0.02
] to avoid observation noise and CAD < 90 to screen out dense clouds.
[15] First of all, we want to point out the RC4 and CALIOP dust extinction shows an incredibly good agreement, both for the horizontal scale and the vertical distribution. The white out region in Figure 2 indicates that CALIOP dust extinction coefficient cannot be inverted because of the cloud layer. However, the RC4 dust profile fulfills the missing dust structure reasonably well. The vertical scale of the dust layer is compared in Table 1 In fact, RC4 tends to overpredict 20% greater vertical depth. One reason for this overestimation is the large grid spacing at higher altitude. The horizontal scale is different for each DS case (600 -1200 km) as defined by the dust extinction of 0.1 (km
À1
).
[16] Using Table 1 and Figure 2 , we found that the dust extinction coefficient for the DS region is 0.04-0.4 km À1 as a moderate dust event. The particle depolarization ratio was 0.15-0.31 for nighttime. The potential temperature corresponds to 305.1 -313.0 K, except for DS-6 299.7 K, indicating the difference of meteorological background of the dust layer.
[17] Another important finding through this study is that the highly cloudy region (CAD > 90) and the high relative humidity region show good agreement. We can see that DS-6 is located behind a clear cold front, whereas DS-5 is before the cold front. We can also see complex episodes that the RC4 simulated thick dust layers are often caped, embedded or mixed with dense clouds (CAD > 90) in the DS-1, 3 and 6 paths. This is a difficult situation for the CAD algorithm to correctly identify dusts from clouds.
[18] As presented in Figure 1 , the main dust transport path is from Mongolia/Inner Mongolia -Beijing -Korea -Sea of Japan -northwestern Pacific. Therefore, the NIES Lidar observations along this transport direction are selected and compared.
[19] Figure 3 shows a comparison of NIES Lidar and RC4 dust AOT (z < 6 km). The uppermost panel shows the dust emission amount and averaged wind speed over the Gobi desert region. [20] The RC4 dust model assimilated the NIES Lidar data; the RC4 model results after assimilation improved RMSE (root-mean square error) 8% -25% except for Sendai. The magnitude and daily variation of both Lidar and RC4 show the good agreement. The time delay (transport) of the dust peak from Beijing to Sendai from 7 May to 9 May is apparent. A similar delay is visible from Shapatou-Beijing-Seoul from 10 May to 13 May, even if some Lidar observations are missing because of the overly dense dust layer.
[21] This close agreement between RC4 and NIES Lidar data also support the agreement of the RC4 and CALIOP, as shown in Figure 2 . The general pattern within the CALIOP, NIES Lidar and RC4 shows a good correspondence from Figure 3 (CALIOP AOT is smaller than RC4 in general). However, the dust extinction coefficient between CALIOP and RC4 depends on the DS events, as shown in Table 1 (CALIOP is smaller than RC4 for DS 1-5, but larger for DS-6). Exact reasons of the under/over estimation remain unclear (many possibilities of cloud screening, choice of S 1 , inversion method and dust model emission scheme). The numbers of CALIPSO observations near the NIES Lidar site are still limited, so we must accumulate more observation data before making any concrete conclusions.
[22] The daily change of wide-range outflow of the dust layer toward Korea, Japan, and North Pacific Ocean are of interest because CALIPSO has a potential to provide vertical cross-sections which have never been shown before. We conducted the following two-step procedures for analysis. First, we applied isentropic HYSPLIT forward trajectory [Draxler and Hess, 1998 ], and then found the timing of CALIPSO cross-section intersect the HYSPLIT path. Results showed that the trajectory starting from the north of DS-1 (near China/Mongolia border starting May 5 19UTC) intersect the ED-1, 2, and 3 for May 6, 7, and 8, respectively (the most typical trajectory is shown in Figure 1a) .
[23] Figures 4a -4d show vertical cross-sections of CALIPSO paths, Figure 4e shows vertical cross-sections of the dust extinction coefficient and potential temperature from RC4 along the T-1 trajectory; also, Figures 4f -4i present comparisons of data among CALIOP, NIES Lidar, and RC4.
[24] The CALIPSO path did not completely match the trajectory passing time. For example, the trajectory intersect time for ED-1 and ED-2 differs +3, À1 h from the CALIPSO path, respectively. Furthermore, HYSPLIT calculations used NCEP/GDAS data, whereas RC4 used the RAMS, which is based on NCEP/NCAR reanalysis data set. Therefore, the isentropic trajectory line shown in the Figure 4e crossover the RC4 potential temperature contour because of different meteorological data. Nevertheless, such differences might be small for the overall view of Asian dust outflow analysis of this study.
[25] Figures 4a -4d show that the dust emitted on May 5 in southern Mongolia traveled along the forward trajectory. It was observed by CALIPSO on 6, 7, and 8 May. The CALIOP dust extinction coefficient cannot be inverted through the thick cloud layer. However, the RC4 dust profile fulfills the missing dust structure reasonably well to capture the full structure of the dust outbreak. Results of trajectory analysis show that the height of T-1 increases gradually from 2500 m MSL to 4000 m MSL, but the main dust layer height was 2500 -4000 m trapped within the potential temperature of 302-306 K (particle depolarization ratio was 0.17-0.24, and RH% is 27-34%). For those reasons, the main dust layer did not contact the ground surface. The observed dust layer is only elevated at Seoul and is not observed in Japan at the surface level. It is interesting to point out that the dust contour shape is tiltingup to north during the transport because of low-pressure activity.
Concluding Remarks
[26] We presented results of detailed 3D analyses of Asian dust outflows from a dust source region to the northwestern Pacific ocean, using data retrieved by NASA/CALIOP onboard CALIPSO along with the RC4 dust transport model. The NIES Lidar network was used for data assimilation. We found that the RC4 and CALIOP dust extinction coefficient showed good agreement, both for the horizontal scale (600-1200 km) and vertical depth (1600 -3400 m), near the dust source regions. We also presented that the dust occurred in the Gobi Desert on 5 May, traveled approximately 1000-1500 km/day to east, and passed over Japan on 8 May. Subsequently, it went to the Pacific Ocean. The main elevated dust layer height remained at 2500 -4000 m, trapped within the potential temperature of 302 K and 306 K. Our analysis demonstrated the importance of integration of CALIPSO observation and dust models to clarify the overall structure of an Asian dust event. 
